The aim of the paper is to compare the progress of the curing reaction and the dielectric properties of liquid crystalline epoxy networks of different elasticity and to investigate how modification with nanofillers influences their properties. The study focuses on a liquid crystalline epoxy monomer with four aromatic rings in the mesogen, cross-linked with 4,4′-diaminodiphenylmethane (DDM) and pimelic acid (PA) to produce rigid and elastic polymer networks. The obtained results are compared to networks modified with nanofillers (diphenyl aluminum phosphate nanorods). The curing process is monitored in situ with broadband dielectric spectroscopy, which is a good tool to view the progress of the reaction. Two stages with different reaction dynamics are observed in the studied cases. Dielectric properties of the products cured with two chosen agents show significant differences in the obtained parameters (activation energy, glass transition, and fragility index) as well as in the dynamics of the α and β relaxations. Although the curing agent is the main factor determining the properties of the product, the nanofiller additive also modifies the values of specific parameters that characterize both the process of the reaction and the properties of the final composites. Particularly, adding the nanofiller raises the glass transition temperature in both the cases. The obtained results are in good agreement with the earlier calorimetric study.
Introduction
Although epoxy resins have already found a wide range of industrial applications, there is a continuing interest in these materials, aiming at the development of advanced composites with specific thermal, electrical, and mechanical properties [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . For example, epoxy materials have high thermal, mechanical, and electrical stability, which is highly demanded by the industry [1] [2] [3] [4] . Another big advantage of epoxy resins is the prospect of modifying their selected properties by using organic and inorganic materials or nanoparticles as fillers and building advanced composites [4, [7] [8] [9] [10] [11] . A separate group of such materials are epoxy resins based on liquid crystalline mesogens, which are used to produce liquid crystalline epoxy networks (LCEN) [1-3, 5, 6] . Due to the structure of LCEN, their properties and curing conditions are different and more complex than those of traditional resins [6, [12] [13] [14] . Both the curing process and the properties of the cured products depend on various factors such as the curing agent, curing conditions, or addition of nanofillers, as well as the properties of the pure epoxy resin such as the type of mesophase [5, 6, 12] .
Many techniques can be used to describe the properties of the final resin; one of them is the dielectric relaxation spectroscopy (DRS). This method is very sensitive to changes in the molecular properties of the material. In consequence, it is frequently used for observation of phase transitions or monitoring of the reaction progress. The dielectric response is usually represented in terms of the complex electric permittivity ε * as a function of frequency and temperature (or frequency and time, in the in situ experiments). The principle of dielectric spectroscopy is based on measuring changes in the dielectric properties of the sample in response to the applied small, alternating electric field. As a result, several parameters can be observed-such as the electric conductivity, the dielectric constant connected with location of diverse dipole moments and their cooperation in the material, and some relaxation processes (with characteristic times) which result from delayed reaction on sample polarization. These parameters, describing the electrical behavior of the sample, can also be linked with some mechanical properties. For example, in polymers, at least two relaxation processes (denoted with Greek letters α and β) are most frequently observed [15] [16] [17] [18] [19] [20] [21] . The structural α-process usually corresponds to the glass transition. It is thereby related to hindering of the motion of polymer chain segments, caused by approaching the vitrification temperature T g . The α-process is typically the slowest one in polymers (appearing at the lowest frequencies/the highest temperatures). The β-process occurs at higher frequencies/lower temperatures and is believed to involve rotational motions of polar group fragments containing single bonds within the molecule [17] [18] [19] . These motions can be treated as almost free rotations of dipolar groups. The α-and β-processes exhibit different temperature dependencies. The relaxation time of the molecular β-process can usually be described with the exponential Arrhenius formula, but deviations from the exponential dependency may be observed near the vitrification temperature, where the structural (α) process appears. For the description of dynamic properties of glass, such as the structural relaxation time, an empirical formula was proposed by Vogel, Fulcher, and Tammann (VFT) [17] [18] [19] [20] [21] . Although the complex permittivity ε * is most commonly used to discuss the results, another representation was proposed for polymers with high ionic conductivity: the electric modulus [22] . It is defined as the inverse of the complex permittivity [22] [23] [24] :
This quantity was introduced by analogy with the modulus observed in mechanical studies. The modulus representation is particularly convenient when no relaxation processes occur at a given temperature and ionic conductivity is high. Then, the imaginary component of the electric modulus (M ″ ) displays a characteristic peak which is directly related to ionic conductivity [22] :
Here, τ σ can be interpreted as the conductivity relaxation time (the inverse of the frequency of the maximum of M ″ ), ε 0 is the electric permittivity of free space (8 854 * 10 −14 F/cm), and ε s is the frequency-independent relative permittivity which is linked with the real part of the electric modulus:
On the other side, the real part of the modulus approaches zero at low frequencies:
In this work, the modulus representation is used to monitor the reaction. This approach has already been successfully applied to in situ observation of curing reactions. Early papers, in which dielectric spectroscopy was employed to study curing of commercially available materials, demonstrated its usefulness [25, 26] . Nowadays, the technique continues to be developed with the aim of extracting more information, from the dielectric response in the course of the curing reaction to its connection with characteristic parameters of the reaction, such as the reaction rate.
Dielectric response of liquid crystalline epoxy compounds is quite complex due to the presence of polar, rigid mesogenic units. It is known that dielectric spectra of a liquid crystal consist of different relaxation processes which depend on the direction of the electric field with respect to the orientation of the mesogens. In unordered samples of lowmolecular mass liquid crystals, one (broadened) or two relaxation modes are usually observed by virtue of overlapping of all the existing relaxation types [20, [27] [28] [29] [30] . Hence, in cured liquid crystalline epoxies, various relaxation processes connected with different relaxation modes may appear; this has a potential for providing more information about the reaction and the molecular behavior in the final material. Dielectric studies on materials such as liquid crystalline epoxy networks (LCEN) not only facilitate a better understanding of the processes occurring in the material but also enable correlating distinct features of the dielectric response with specific properties of the sample. Additionally, building composites based on LCEN allows for modification of specific properties of the obtained network while keeping other properties unchanged.
In this work, one liquid crystalline epoxy monomer with a long mesogenic group (containing four aromatic rings) was chosen for the investigation. The synthetic route and the best curing conditions for this material were established in a previous work [31] . 4,4′-Diaminodiphenylmethane (DDM) and pimelic acid (PA) were selected as curing agents to obtain rigid and elastic networks. The size of the mesogen causes the phase transitions to occur at relatively high temperatures, which is usually a disadvantage; but it is beneficial for the curing process-which also takes place at elevated temperatures-because it facilitates carrying out of the process in the liquid crystalline state. The results were supplemented by a comparison of the studied materials with the same polymer matrices containing a nanofiller. Dielectric spectroscopy was applied to study both the curing process and the properties of the cured products. The aim of the author was to show differences in the dielectric responses of rigid and more elastic LCEN, by using two different curing agents. An additional modification of the LCEN with nanofillers resulted in increased rigidity of both the products. However, these changes had a different character than those related to the selection of the curing agent.
Materials
The molecular structures of the monomer and the curing agents are shown in Figure 1 . All the reagents and curing agents (4,4 ′ -diaminodiphenylmethane (DDM) and pimelic acid (PA)) were commercial (Sigma-Aldrich, Fluka, POCH, Gliwice) and were used without further purification.
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Temperatures of phase transitions found in the previous study were confirmed by optical data and are presented in Table 1 . The curing conditions chosen for the dielectric study were the same for all the materials-isothermal curing at 170°C for 2.5 hours followed by postcuring at 210°C for 1.5 hours-and comparable with those for the previous study [31] . The earlier DSC study of the investigated mixtures also enabled determination of the optimal curing conditions. DSC analysis of the cured products did not reveal any phase transitions (except vitrification) [31] . Both compositions were subsequently cured with the addition of a nanofiller, in the same conditions. Diphenyl aluminum phosphate nanorods (NR) having 100-200 nm in diameter and 1-5 μm in length were used as the filler. The details of the synthesis of the nanorods and their properties were described elsewhere [32, 33] .
Experimental
The dielectric data during isothermal curing was recorded in the frequency range from 10 −2 to 10 5 Hz using Solartron 1260 Impedance Analyzer with Chelsea Dielectric Interface. The mixtures were placed between two parallel metal electrodes with diameters of 5 and 10 mm, separated by 50 μm silica spacers. The temperature of the samples was stabilized using Unipan 620 temperature controller with the accuracy of 0.05 K. The duration of a single-frequency sweep at the curing temperature of 170°C was about 3 minutes. The next series of measurements was started after 4 minutes (in most of the cases), yielding a 3D plot with a 4-minute separation between subsequent data points at a given frequency.
Measurements in a wide range of temperatures for all the cured products were performed with an alpha highresolution dielectric analyzer coupled with a Quatro Cryosystem, providing isothermal conditions and temperature stabilization of 0.1 K (both devices are manufactured by Novocontrol). Data was collected in the cooling route in a wide range of frequency (10 6 -10 −1 Hz). The optical observations were made using a polarizing microscope with crossed polarizers and a BIC-2S 1/2″ CMOS digital camera. The material was placed between plain glass plates in a Linkam HFS600E-PB4 hot stage.
Results and Discussion

Process of Curing.
The electric modulus representation can be used for in situ monitoring of the curing process of epoxy resins. The data collected in the course of curing the investigated monomer with DDM is shown in Figure 2 (a).
For comparison, Figure 2 (b) shows the process of curing with PA. The shift in the frequency of the electric modulus peak is connected, as mentioned earlier, with the changes in the electric conductivity. In principle, the curing reaction in epoxy materials is biphasic. The first, highly exothermic stage, characterized with rapid changes of the conductivity, lasts between a few minutes and a few tens of minutes. However, the mixture does not attain its final state and properties in that phase yet. In the second stage, slow evolution of certain properties can still be observed, until they finally stabilize after several hours. Sometimes, postcuring treatment at an elevated temperature is required for complete stabilization of the product. Dielectric studies allow for monitoring of the full progress of curing, since both phases of the reaction are accompanied by changes in the dielectric response. A comparison of the two plots shows that the initial, rapid phase ends much sooner in the LCM/DDM mixture (Figure 2(a) ) than that in the case when pimelic acid was used as the curing agent (Figure 2(b) ). Different reaction kinetics is related to different functionalities of the reagents (DDM is tetrafunctional and PA is difunctional), which results in a higher cross-link density and a more rigid network cured with DDM. An additional explanation of the different reaction kinetics is the presence of steric constraints in the cured product, which may significantly slow down the process: when PA is used, no extra aromatic rings are added to the composition and the reaction can progress rapidly for a longer time. This observation, based on comparing the reaction
Figure 1: Molecular structure of the epoxy monomer and the curing agents. International Journal of Polymer Science profiles, was confirmed by the study of the reaction products: indeed, more elastic materials were obtained from the mixtures cured with PA. Introducing the nanofiller does not fundamentally change the kinetics of the curing reaction in either case, which depends mainly on the properties of the curing agent. The reaction profiles are almost identical for the composites cured with DDM, with and without the nanofiller. Small differences are visible between the composites cured with PA-as shown for comparison in Figure 3(a) . Adding nanorods to the mixture slightly shortens the first stage of the reaction (cf. Figure 2(b) ) which is likely caused by the appearance of additional steric constraints in the mixture, but the fundamental character of the reaction does not change.
In the second stage of the reaction (usually, final products are obtained from epoxy materials only after several hours of curing or after postcuring at an elevated temperature), changes are no longer visible so well in the modulus representation, in any of the studied cases. A parameter found to be more sensitive in that phase is the real part of the electric permittivity at low frequencies. It does not display a relaxation profile that is so convenient for observation, but its value changes steadily during the entire observation time-reflecting the progress of the reaction-even though the rate of those changes varies with the curing progress. For further analysis, the normalized value (γ) of the real part of the permittivity (ε) was chosen:
where ε is the current value and ε 0 is the initial value. This representation enables seeing the two-phase character of the reaction, both for curing with DDM and for curing with PA ( Figure 3(b) ). Curve fitting provides a tool to quantify and follow the rate changes of both the processes--not only in the initial phase but during the whole observation interval. It also enables comparing the curing parameters for mixtures with and without nanorods. However, the fundamental mechanisms of the curing reactions are different for PA and DDM and they require different fitting curves. Generally, a single exponential function appears in the description of first-order reactions. But higher-order reactions (including reactions in epoxy materials) are described by a somewhat more complex differential equation [34] :
where the conversion factor (α) depends on the reaction rate k T and the exponents n + m which determine the kinetic order. For curing with DDM, a relatively simple exponential model enables identification of two stages with clearly different reaction rates. The reaction process can be modelled by a double-decay function with two exponential terms describing the observed fast and slow phases of curing: Table 2 . It is easy to notice that the parameter A 1 describing the first phase of the reaction is almost an order of magnitude smaller after addition of the nanofiller. Also, the characteristic times for the first stage of the reaction (t 1 ) are much smaller than those for the second stage (t 2 ), in both the mixtures.
Similar conclusions can be drawn from the observation of curing with pimelic acid as the curing agent, but the reaction model is quite different. The apparent two-stage reaction progress can be approximated in this case by biphasic Hill equation, used in biochemistry to describe the enzyme kinetics [35] [36] [37] :
where P m is the maximum activity, K a is the halfmaximal activity, K i is the half-maximal inhibitory coefficient, H a is the activation Hill coefficient, and H i is the inhibitory Hill coefficient. To apply this formula to the experimental data from Figure 3 (b), the generic variables x and y need to be replaced with the reaction time t and the normalized permittivity γ, respectively. After adding nanorods, there is a visible growth of the K i coefficient (connected with the factors inhibiting the reaction) which has an influence on deceleration of changes in the second phase of the reaction. The other parameters do not differ substantially. Thanks to the proposed representation one can easily follow not only the curing reaction kinetics but also the influence of the introduced modifiers on the reaction progress.
Properties of the Cured Resin and Its Composites.
In the next part of the work, the dielectric properties of the products curing the investigated compound with DDM and PA are compared, including products modified by the addition of nanorods. Electrical and mechanical changes in the material at different temperatures can be described by analyzing the dielectric data represented in terms of the complex permittivity. Here, we chose to compare the properties of the studied composites by looking at the imaginary part of the permittivity, shown in a wide range of frequency and temperature in Figure 4 .
The imaginary part of the permittivity is generally associated with dielectric losses in the material. The large growth of the imaginary part of the permittivity in both materials at low frequencies and high temperatures is due to the electric conductivity of the material (Figure 4) . With decreasing temperature, the conductivity drops substantially and relaxation processes become visible. Along with further temperature drop, the α-process vanishes and a broad β-process appears. In all the studied materials, the vanishing of the α-process (which is related to the glass transition) is accompanied by a rapid change in the conductivity, which decreases by several orders of magnitude in the glassy phase.
The response of the cured material varies substantially for different curing agents, mirroring the differences already observed in the course of the curing process. The dielectric response of the pure epoxy matrix is generally similar to the response of the modified product; they only differ in detail, which will be analyzed below. In the mixtures of the epoxy resin with DDM, modified by adding the nanofiller, the α-process is barely seen in the imaginary part of the dielectric permittivity at high temperatures because it is partially masked by high conductivity (Figure 4(a) ). In the mixtures with nanorods, a growth of the imaginary part of the permittivity occurs at very low temperatures and high frequencies, next to the β-process-this hints towards a possible occurrence of another relaxation. However, the collected range of data is not sufficient for definitive confirmation of such an additional process in the materials with nanorods, or its closer analysis (Figure 4) .
In the mixtures of the investigated resin with PA, both processes (α and β) are well visible; the α-process is observed at temperatures lower than those of the products cured with DDM ( Figure 4(b) ). At low temperatures, a similar β-process appears in the mixtures both with and without the addition of nanorods.
As it was mentioned in Introduction, the α-process is generally connected with the glass transition and enables estimation of the fragility index; the β-process reflects the mobility of molecular groups with large dipole moments and appears nearly always together with the α-process. These relaxation processes can be analyzed more quantitatively by using the Havriliak-Negami (HN) formula with a conductivity term [38] :
Here, ε 0 is the electric permittivity of vacuum, ω = 2πf is the radial frequency, and ε ∞ is ε ′ at f → ∞; the dielectric strength Δε is the difference between the high-frequency and low-frequency electric permittivities corresponding to the relaxation process under consideration, τ is the characteristic relaxation time, and α and β are shape parameters of the relaxation time spectra; σ 0 denotes the DC conductivity and the parameter s (s ≤ 1) accounts for non-ohmic effects. The relaxation times for all the processes were International Journal of Polymer Science determined by fitting the HN formula to experimental data, for each temperature at which these processes were visible. The use of the HN formula enables extraction of individual processes with their characteristic parameters. The relaxation times for all the mixtures, both cured with the acid and the amine, are shown in Figure 5 . It is noteworthy that the β-process realizes the typical Arrhenius dependency [17] [18] [19] [20] [21] :
The α-process, which deviates from that dependency, can be modelled by the VFT relation:
where D is a dimensionless quantity called the strength parameter and T 0 is the Vogel temperature [39] . The glass transition temperature T g can be estimated from the vanishing of the α-process. By convention, it is extracted from the VFT plot at the frequency of 10 −2 Hz; that approach was confirmed in many cases [17] [18] [19] [20] [21] . The parameters obtained from Figure 5 were collected in Table 3 . The estimated T g for the mixture of the monomer with DDM is 105°C, whereas addition of the nanorods results in the growth of T g to the value of 135°C (Figure 5(a) ). Much lower temperatures were obtained for the mixtures cured with pimelic acid, which produced elastomers with T g of 25°C for the plain mixture and 40°C for the mixture with the nanofiller (Figure 5(b) ). The above conclusions are in good agreement with those obtained earlier from calorimetric data, though the values of T g are not identical; this is linked with different cooling rates in the calorimetric studies and isothermal nature of dielectric measurements. Nevertheless, the addition of the nanofiller increased the vitrification temperature by 15°C in the materials cured with PA and by 30°C in the materials cured with DDM; this behavior was also noticed in the calorimetric study [31] .
Another parameter describing the properties of the material is the fragility index, whose values typically lie in the range from about 16 for particularly hard substances to about 200 for brittle materials [23] . The fragility index is defined as [23, 39, 40] :
Knowing the parameters of the VFT equation, the fragility index can be calculated directly from the relation:
The parameters calculated by fitting the VFT formula to the experimental data for all the mixtures are shown in Table 3 . The apparent effect of adding nanorods is the increase of T g , regardless of the hardener used. On the contrary, the fragility index m behaves differently for the two curing agents. It decreases after introduction of the nanofiller in the mixture cured with DDM; together with the increase of T g , this can be interpreted as the material is becoming harder. The value of m increases after adding the nanorods in the (11) and formula (13) . The dielectric response of all the mixtures displays also a second relaxation, the β-process (Figure 4) . The activation energy of that process changes after introduction of the nanofiller ( Figure 5 ). The β-process is commonly associated with the motions of local dipolar groups. In the studied case, it is most likely linked with the dipolar carboxy groups in the monomer, because it appears in all the compositions, regardless of the curing agent. Although the activation energy of the observed process varies slightly among the studied mixtures, such variations may be due to differences in the energy barrier, reflecting differences in the internal structure of the network. A similar process was also observed in materials with different lengths of the mesogen [24] . An interesting case was found in the LCM/PA mixtures cured with the addition of nanorods, where an additional growth of the imaginary part of the permittivity was observed at high frequencies and low temperatures (Figure 4(b) , inset). It may suggest that an additional process with very low activation energy, overlapping with the β-process, emerges in the samples containing the nanofiller. The possibility of such a process in the dielectric response can be explained by increased rigidity of the material after adding the nanofiller, shifting a fast relaxation process from high frequencies into the frequency range covered by the experiment. However, unequivocal interpretation of this growth of permittivity would require more detailed studies at low temperatures or at high frequencies.
Conclusions
The dynamics of the curing process observed in the dielectric spectroscopy was different in the materials cured with pimelic acid (PA) and 4,4 ′ -diaminodiphenylmethane (DDM). The addition of the nanofiller did not change that dynamics but slightly slowed down the initial phase of the reaction.
Hard products were obtained from mixtures cured with DDM, whereas curing with PA yielded elastic materials. Dielectric observation of the α-relaxation in the investigated epoxy matrix confirmed that the main factor determining the elasticity of the cured product is the choice of the hardener. The observation of the α-relaxation in products with the addition of nanorods confirmed the increase of the vitrification temperature T g , regardless of the hardener used. The product obtained by adding nanorods to the mixture of the monomer with DDM was characterized by the highest rigidity.
The β-relaxation process was observed in all the mixtures. The suggested origin of the process is the motion of the dipolar carboxy groups in the mesogen.
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